INTRODUCTION
============

Intercellular junctions of the vascular endothelium are believed to be critical regulators in tissue development, sheet migration, body compartmentalization, cell polarity, and cell proliferation and are essential targets in inflammation, wound healing, and angiogenesis ([@B7]; [@B54]). To fulfill these challenging functions, endothelial junctions must react quickly and be highly dynamic. Apart from tight and gap junctions, the adherens junctions provide the structural and functional backbone of endothelial junctions, as they are essential to establishing a barrier and are ubiquitously expressed irrespective of organ and vascular segments ([@B50], [@B51]). Adherens junctions consist of vascular endothelial (VE)-cadherin, which binds p120^ctn^ and β- or γ-catenin in a mutually exclusive manner; further binding to α-catenin forms the VE-cadherin/catenin complex, which interacts with junction-associated actin filaments ([@B52]; [@B29]). Antibody labeling of the VE-cadherin/catenin complex reveals two different patterns. A continuous line of VE-cadherin is characteristically seen in vivo ([@B10]; [@B1]), in highly confluent cell cultures ([@B28]), and particularly after shear stress or hydrocortisone stimulation ([@B45]; [@B47]). In contrast, interrupted VE-cadherin patterning predominates in subconfluent growing cultures ([@B28]) and is also characteristically found at junctions of migrating endothelial cells during wound healing and after application of inflammatory mediators such as tumor necrosis factor-α (TNF-α) ([@B55]; [@B33]). These phenomena are accompanied by cellular shape change, increased cell motility, loss of junction-associated actin filaments, and formation of stress fibers ([@B27]; [@B39]; [@B61]). The ability of certain stimuli to cause VE-cadherin remodeling, which is accompanied by changes in paracellular barrier function, has been relatively well described and involves phosphatases, kinases, and Rho GTPases ([@B7]; [@B54]; [@B3]). However, coordinated activity between actin and VE-cadherin dynamics at established cell junctions has been less investigated, particularly in endothelium. In contrast, initial formation of cell junctions is well understood; this is mediated by actin-driven lamellipodia that bring adjacent cells together, allowing cell adhesion receptors to bind and causing formation of cell adhesion complexes ([@B35]; [@B36]; [@B2]; [@B60]; [@B15]). Many actin-regulating proteins control actin assembly even at cadherin adhesion sites. These include Ena/Vasp, the small GTPases Rac1 and Cdc42 ([@B22]; [@B25]; [@B46]; [@B23]), actin nucleation proteins such as actin-related protein 2/3 complex (ARP2/3) and formins such as mDia1 ([@B25]; [@B24]; [@B5]), and class I nucleation-promoting factors (NPFs) such as N-WASP and SCAR/WAVE ([@B53]; [@B12]), and cortactin that belongs to classII NPF ([@B57]). The ARP2/3 complex facilitates cadherin engagement and junction formation ([@B35]; [@B36]; [@B2]; [@B60]; [@B15]) and competes with α-catenin dimers for actin binding at cell junctions ([@B9]; [@B59]). In epithelium the ARP2/3 complex is crucial in establishing adherens junctions, a process that requires Rac signaling ([@B4]). Junction formation in endothelium and epithelium follows the same mechanisms, with the exception that endothelial cells display a transition from lamellipodia to filopodia, resulting in discontinuous VE-cadherin patterning in growing cell cultures ([@B15]). This type of junction is described as being highly dynamic, while a continuous pattern of VE-cadherin, as seen in confluent cells and in endothelium in vivo, is characterized as being stable ([@B10]; [@B34]; [@B16]). Identification of the mechanisms and principles that drive and coordinate VE-cadherin and actin dynamics is the main topic of this work.

RESULTS
=======

Cell density--dependent VE-cadherin dynamics
--------------------------------------------

Confocal laser microscopy localized immunolabeled VE-cadherin at the junction of human umbilical vein endothelial cell (HUVEC) cultures in two forms: a zigzagged, interrupted, punctuate form, which was mostly prominent in subconfluent cultures, and extended VE-cadherin clusters appearing as continuous lines, which were predominant in confluent cells ([Figure 1, A and B](#F1){ref-type="fig"}). To investigate the dynamic regulation of VE-cadherin/catenin complex in endothelial cells, full-length VE-cadherin was carboxy-terminally tagged with mCherry (VE-cadherin-mCherry) and expressed in HUVEC. VE-cadherin-mCherry displayed the expected molecular weight of 160--170 kDa (Supplemental Figure S1A), precipitated and colocalized with native VE-cadherin and catenins in a random manner at the cell junctions of both HUVEC and VE-cadherin--knockout endothelioma cells (Supplemental Figure S1, B--D), and responded to a calcium shift (Supplemental Figure S2A and Supplemental Video S1). In a first experimental setup, the dynamics of VE-cadherin-mCherry was studied by live-cell imaging in subconfluent (\[6--9\] × 10^4^ cells/cm^2^) and confluent cultures (\[9--10\] ×10^4^ cells/cm^2^) using a special plating assay (for details see Supplemental Material and Methods and Supplemental Figure S2B). Consistent with VE-cadherin in native cells ([Figure 1, A and B](#F1){ref-type="fig"}), VE-cadherin-mCherry appeared characteristically in two forms: as an interrupted pattern mostly present in subconfluent cultures and as VE-cadherin continuous lines (Supplemental Figure S2C). Time-lapse recording revealed repetitive VE-cadherin-mCherry remodeling, with continuous transitions between the interrupted and continuous patterning ([Figure 1C](#F1){ref-type="fig"} and Supplemental Video S2). A transient appearance of VE-cadherin-mCherry--positive plaque-like structures regularly occurred (Supplemental Video S2). Transitions decreased with increasing cell density, and the continuous VE-cadherin-mCherry patterning became predominant. However, VE-cadherin-mCherry dynamics persisted even in highly confluent cultures ([Figure 1D](#F1){ref-type="fig"} and Supplemental Video S2).

![VE-cadherin distribution and dynamics are cell-density dependent. (A, B) Native (A) subconfluent and (B) confluent HUVEC cultures were labeled with anti-VE-cadherin, which appears interrupted in subconfluent cultures, whereas confluent ones display a continuous line. (C, D) Time-lapse recordings of VE-cadherin-mCherry--expressing HUVEC. (C) Subconfluent cultures display a permanent change in VE-cadherin patterning. Overlapping VE-cadherin adhesion sites are marked (large arrows). (D) Confluent HUVEC mostly exhibit a continuous VE-cadherin distribution (small arrows) with very small interruptions (arrowheads; see also Supplemental Figure S1 and Supplemental Videos S1 and S2). Dynamic translocating junctions are indicated by dotted and dashed lines. (E--I) The relative junction-localized VE-cadherin concentration, but not the total amount of VE-cadherin, is cell-density dependent. (E) Western blot analyses of VE-cadherin taken from subconfluent and confluent HUVEC cultures. Different amounts of total cellular protein (10, 20, and 40 μg) were probed by anti--VE-cadherin, followed by densitometry and determination of *r*^2^. α-Tubulin served as an internal loading control. *n* = 3 independent dual-probe experiments (see also Supplemental Figure S2). (F) The relative junction-localized VE-cadherin concentration was determined by a quantification of the average brightness of cell junctions by a defined ROI plotted against average cell area (for details compare Supplemental Figure S2, C--E). Altogether 434 confluent cells and 75 subconfluent cells from three independent experiments were analyzed (*p* \< 0.0001). (G--I) Overexpression of VE-cadherin-EGFP in subconfluent HUVEC cultures (∼6 × 10^4^ cells/cm^2^) down-regulates cell motility. (G, H) Immunolabeling of VE-cadherin in (G) native subconfluent HUVEC discloses the typical interrupted patterning, whereas (H) VE-cadherin-EGFP--overexpressing subconfluent HUVEC displayed a continuous line. (I) Quantification of the cell motility of native and VE-cadherin-EGFP--overexpressing cells is indicated by (I1) cell velocity, (I2) accumulated distance, and (I3, I4) track plots. Quantification was performed on 15 cells from 200 frames acquired within 5 h and 50 min (see also Supplemental Video S3).](245fig1){#F1}

To better understand the background of the different VE-cadherin patterning, we determined both the junction-localized relative and the total amount of VE-cadherin in subconfluent and confluent HUVEC cultures. Of interest, the relative VE-cadherin amount at cell junctions was significantly less in subconfluent than in confluent cultures ([Figure 1F](#F1){ref-type="fig"} and Supplemental Figure S2, D and E), whereas the total amount of VE-cadherin remained constant ([Figure 1E](#F1){ref-type="fig"}), a result that confirms an earlier report ([@B28]). As a consequence, the limited amount of VE-cadherin distributes in large subconfluent cells with long cell junctions in an interrupted pattern. In contrast, the small confluent cells with short cell border length exhibit a continuous VE-cadherin distribution. Although appearing simple at first glance, this principle sufficiently explains the cell density--dependent VE-cadherin patterning and might also explain the high junction dynamics in less confluent cells. This is consistent with earlier studies in which the appearance of lamellipodia (ruffles, membrane protrusions) at endothelial junctions was described ([@B48]). Here we propose that the local VE-cadherin concentration is critical in control of junction dynamics, including lamellipodia formation.

To investigate this hypothesis, we increased the VE-cadherin concentration at cell junctions in subconfluent HUVEC cultures (6 × 10^4^ cells/cm^2^), cell culture conditions that display large and frequent lamellipodia formation at cell junctions and high cell motility. To maintain the subconfluent state of the culture, we used an adenovirus vector encoding VE-cadherin--enhanced green fluorescent protein (EGFP; [@B19]), which caused quick overexpression within 12 h in HUVEC cultures. The lentiviral vector needs 2--3 d to increase VE-cadherin-mCherry expression moderately. This long time interval is accompanied by cell proliferation and thus precludes the use of the lentiviral vector for this experiment. Indeed, the overexpressed VE-cadherin-EGFP localized in a continuous line along the junctions ([Figure 1H](#F2){ref-type="fig"}) in subconfluent cultures (\[6--9\] ×10^4^ cells/cm^2^), whereas control cultures still exhibited the interrupted patterning ([Figure 1G](#F2){ref-type="fig"}). The effect of VE-cadherin overexpression on cell dynamics and lamellipodia formation was then investigated by time-lapse phase contrast microscopy. In line with earlier results ([@B48]), HUVEC cultures show high cell motility and lamellipodia formation at cell junctions (Supplemental Video S3). Consistent with our hypothesis, both cell motility and lamellipodia formation decreased in VE-cadherin-EGFP--overexpressing HUVEC cultures ([Figure 1I](#F1){ref-type="fig"} and Supplemental Video S3). Cell motility was determined by cell track plots, measuring cell velocity and accumulated distance ([Figure 1I](#F1){ref-type="fig"}). The data show that the level of VE-cadherin expression at the junctions determines lamellipodia formation, which in turn seems to be important in total cell motility. Because lamellipodia formation requires actin polymerization, our goal was to understand the actin dynamics at endothelial cell junctions by live-cell imaging using LifeAct-EGFP.

![Cell density--dependent actin and ARP2/3 complex dynamics at endothelial junctions. (A--C) LifeAct-EGFP and (D--F) EGFP-p20 were expressed in HUVEC cultures, and time-lapse recordings were performed at culture areas showing different cell densities within the same culture. (A--C) Left, overviews; white boxes indicate cropped and enlarged areas. (A) LifeAct-EGFP dynamics at lamellipodia (arrows) of single cells. (B) Large LifeAct-EGFP--positive and junction-associated lamellipodia (arrows) develop in subconfluent cells intermittently, whereas (C) only small ones (arrows) appear in confluent cultures (see also Supplemental Video S4). (D--F) Left, overviews; white boxes indicate cropped and enlarged areas. (D) EGFP-p20 dynamics is typically seen at lamellipodia (arrows) of single cells. (E) Large EGFP-p20--positive junction-associated lamellipodia (arrows) intermittently appear at junctions of subconfluent cells, whereas smaller ones are present in confluent cultures (see also Supplemental Video S6). (G, H) Quantification of lamellipodia size and duration in subconfluent (Sub) and confluent cultures (Con). Two hundred cells of both confluent and subconfluent culture were analyzed from *n* = 5 independent experiments. \*\*\**p* \< 0.0001. See also Supplemental Figure S2 and Supplemental Videos S4--S6.](245fig2){#F2}

Actin dynamics at cell junctions
--------------------------------

LifeAct-EGFP ([@B41]) was cloned into a lentiviral vector and expressed in HUVEC cultures. The expressed fusion protein displayed the expected molecular weight and bound to actin filaments, as it colocalized with phalloidin-rhodamine--labeled actin filaments (Supplemental Figure S3, A and B). Live-cell imaging revealed the characteristic actin-driven lamellipodia at leading edges of single cells ([Figure 2A](#F2){ref-type="fig"} and Supplemental Video S4). Of importance, actin-driven, junction-associated lamellipodia still occurred intermittently at established junctions in subconfluent ([Figure 2B](#F2){ref-type="fig"} and Supplemental Video S4) and even in confluent cultures ([Figure 2C](#F2){ref-type="fig"} and Supplemental Video S4). Owing to their temporal and spatial appearance, these structures are defined as junction-associated intermittent lamellipodia (JAIL). The size and the number of JAIL decreased with increased cell density (see later discussion).

As demonstrated, overexpression of VE-cadherin-EGFP led to down-regulation of junction-associated intermittent and actin-driven lamellipodia. Taking into consideration that the ARP2/3 complex competes for actin binding with α-catenin, a main component of the cadherin/catenin complex ([@B9]; [@B59]), we investigated the dynamics of ARP2/3 at cell junctions of the endothelium. Thus the p20 subunit of the heptameric ARP2/3 complex tagged at the amino terminus with EGFP ([@B20]) was subcloned into the lentiviral vector and expressed in HUVEC cultures.

The ARP2/3 complex drives formation of junction-associated intermittent lamellipodia in a cell density--dependent way
---------------------------------------------------------------------------------------------------------------------

EGFP-p20 expressed in HUVEC displayed the expected molecular weight of 47 kDa (Supplemental Figure S3C), and an anti-EGFP antibody precipitated the ARP3 subunit (Supplemental Figure S3D). EGFP-p20 was incorporated into the endogenous ARP2/3 complex and colocalized with ARP2, ARP3, and actin filaments at lamellipodia (Supplemental Figure S3, E and F, and Supplemental Video S5). However, we found a cell density--dependent appearance and persistent formation of JAIL in all HUVEC cultures ([Figure 2, D and E](#F2){ref-type="fig"}, and Supplemental Video S6). In subconfluent cell cultures (6 × 10^4^ cells/cm^2^) JAIL are large, having a mean size of 48 μm^2^ ([Figure 2G](#F2){ref-type="fig"}) and a mean duration of 5 min ([Figure 2H](#F2){ref-type="fig"}), whereas confluent cultures (up to 1 × 10^5^ cells/cm^2^) displayed reduced JAIL, with a mean size of 29 μm^2^ and a reduced mean duration of 3.5 min ([Figure 2, F--H](#F2){ref-type="fig"}). JAIL formation in confluent cultures appeared as flickering points of light in time-lapse videos (Supplemental Video S6), a result not seen in fixed cells due to the short duration and low frequency of JAIL. Taken together, the spatiotemporal dynamics of both VE-cadherin-mCherry and p20-EGFP suggest an interdependent relationship between VE-cadherin--mediated cell adhesion and ARP2/3-controlled JAIL formation.

New VE-cadherin adhesion sites develop dynamically due to formation of JAIL, which in turn is controlled by the local VE-cadherin concentration
-----------------------------------------------------------------------------------------------------------------------------------------------

The functional relationship between VE-cadherin and ARP2/3 complex--controlled JAIL formation was investigated by coexpression of VE-cadherin-mCherry and EGFP-p20 in HUVEC cultures. Both the protein dynamics and cellular distribution of coexpressed proteins were similar to the case in which fusion proteins were expressed alone. ARP2/3-containing JAIL preferentially developed at gaps between and close to VE-cadherin clusters ([Figure 3A](#F3){ref-type="fig"} and Supplemental Video S7), which is further verified in unmodified HUVEC by antibody labeling (Supplemental Figure S4, B and C). ARP2/3 complex--positive JAIL preferentially appeared at interruptions between and close to the VE-cadherin/catenin complex (Supplemental Figure S4, D--G). JAIL overlapped plasma membranes of adjacent cells, which generally facilitated the formation of VE-cadherin-mCherry adhesion plaques, followed by clustering and subsequent incorporation into the cell borders ([Figure 4A](#F4){ref-type="fig"} and Supplemental Video S8). This process changed the VE-cadherin-mCherry patterning, a process that explains the highly dynamic VE-cadherin-mCherry remodeling in subconfluent cultures, whereas confluent cultures display less JAIL due to increased VE-cadherin concentration ([Figure 3, B and B1](#F3){ref-type="fig"}, and Supplemental Video S7), as already described ([Figure 1, G and H](#F1){ref-type="fig"}, and Supplemental Video S3). However, to further verify this concept, we expressed VEcad-ΔC164mCherry in HUVEC. This carboxy-terminal--deleted mutant is unable to bind β- or γ-catenins or p120^ctn^ and thus is disconnected from junction-localized actin filaments. Expressed VE-cad-ΔC164-mCherry displayed the expected molecular weight (Supplemental Figure S5A) and localized randomly at cell junctions in HUVEC cultures ([Figure 4B](#F4){ref-type="fig"}), indicating sufficient incorporation of the mutant. Those cell cultures exhibit increased formation of JAIL by about fourfold ([Figure 4, C--E](#F4){ref-type="fig"}, and Supplemental Video S9), a result totally in line with decreased JAIL formation in VE-cadherin-mCherry--overexpressing cultures ([Figure 1, G and H](#F1){ref-type="fig"}, and Supplemental Video S3). These data show that the VE-cadherin patterning and concentration at cell junctions determine JAIL formation.

![ARP2/3-controlled JAIL develop at spaces between VE-cadherin clusters in a cell density--dependent manner. (A, B) Time-lapse recording (min:s) of EGFP-p20 (green) and VE-cadherin-mCherry (red) coexpressed in (A, A1) subconfluent and (B, B1) confluent HUVEC cultures. (A, B) Overviews; white boxes indicate cropped and magnified areas. (A1) Large, EGFP-p20 positive JAIL (dotted curved lines) of subconfluent cultures are prominent at interruption (white arrowheads) between VE-cadherin-mCherry clusters. (B1) Only small JAIL (yellow arrows) are visible at small VE-cadherin-mCherry interruptions in confluent HUVEC cultures. Dashed lines indicate reference lines in order to visualize translocating junctions. Frames are representative of 20 independent experiments with subconfluent cultures and 15 experiments using confluent cultures. See also Supplemental Figure S4 and Supplemental Video S7.](245fig3){#F3}

![New VE-cadherin adhesion sites develop dynamically due to formation of JAIL, which are in turn controlled by the local VE-cadherin concentration. (A) Time-lapse series, taken from Supplemental Video S8, which shows a growing JAIL (top, yellow arrows), which induces new VE-cadherin-mCherry plaques (encircled by dotted lines) that cluster increasingly (white arrows) during JAIL retraction and assembly at cell junctions. See also Supplemental Figure S3 and Supplemental Video S8. (B) HUVEC cultures expressing VE-cad-ΔC164-mCherry (red) were labeled by an antibody specific to the carboxy-terminal domain of VE-cadherin (green), which demonstrated random incorporation of the mutant into the junctions (arrows in cropped and enlarged area). Stars indicate nontransduced cells. Nuclei are labeled by 4′,6-diamidino-2-phenylindole (blue). (C) Quantification of JAIL in subconfluent HUVEC cultures (6 × 10^4^ cells/cm^2^) expressing either VE-cadherin-mCherry and EGFP-p20 or VE-cad-ΔC164-mCherry and EGFP-p20, as indicated. (D, E) Time-lapse series of cropped areas (white boxes in the merged overview). As indicated, this demonstrates increased JAIL formation in VE-cad-ΔC164-mCherry--expressing HUVEC. Images depict one of three independent experiments. See also Supplemental Video S9.](245fig4){#F4}

ARP2/3 complex--mediated JAIL formation maintains endothelial monolayer integrity
---------------------------------------------------------------------------------

We next considered whether the ARP2/3 complex modulates the overall VE-cadherin dynamics. Therefore the (V)CA domain (amino acids 430--505) of the nucleation-promoting factor N-WASP, which acts as a dominant-negative mutant that blocks ARP2/3 activity ([@B40]; [@B43]), was fused to m-Cherry (mCherry-(V)CA; Supplemental Figure S5A2). Expression of mCherry-(V)CA ([Figure 5A](#F5){ref-type="fig"}) in HUVEC reduced stress fibers, caused intercellular gaps, and recruited the VE-cadherin/catenin complex to a small, faint line at the cell junctions, as verified by colabeling of α-catenin and filamentous actin ([Figure 5A](#F5){ref-type="fig"}). Live-cell imaging showed reduced JAIL formation in mCherry-(V)CA--expressing cells accompanied by largely blocked cell motility (Supplemental Video S10). For further verification, the quick-acting, and highly specific, ARP2/3 inhibitors CK-666 and CK-548 were used. CK-666 specifically binds to both ARP2 and ARP3 subunits and locks the ARP2/3 complex in its inactive conformation ([@B14]). CK-548 specifically binds to the hydrophobic core of ARP3 and thus blocks ARP2/3 complex activation in living cells ([@B38]).

![ARP2/3-controlled JAIL maintaining endothelial monolayer integrity. (A) HUVEC expressing either mCherry for control (red, top) or the mCherry-(V)CA domain (red, bottom), which was labeled with anti--α-catenin or phalloidin--Alexa Fluor 488, as indicated. Control HUVEC cultures exhibit the characteristic α-catenin patterning with small JAIL (white arrows, top). Expression of the mCherry-(V)CA domain causes small and faint continuous α-catenin and actin labeling (white arrows, bottom) accompanied by gap formation (yellow arrows, bottom). Nuclei are labeled by 4′,6-diamidino-2-phenylindole (blue). See also Supplemental Video S10. (B) ARP2/3 complex inhibitor CK-666 causes intercellular gap formation. Native HUVEC were treated with either inactive inhibitor, CK-689, for control, or active inhibitor, CK-666, for ∼15 min. This was followed by immunolabeling of VE-cadherin (green) and actin filaments with phalloidin--tetramethylrhodamine isothiocyanate (red). CK-666--treated cultures exhibit interendothelial gaps (arrows) accompanied by VE-cadherin and actin recruitment to cell junctions. Shown is one of three independent experiments that yielded similar results. (C) Overview (left) of HUVEC expressing both VE-cad-mCherry and EGFP-p20. Time-lapse series (right) of ARP2/3 inhibitor CK-666 treatment followed by washout, as indicated. The inhibitor caused intercellular gaps accompanied by VE-cadherin remodeling as it recovers after the washing out. Shown is one of three independent experiments that yielded similar results.](245fig5){#F5}

![Scheme illustrating the interdependence between JAIL activity and VE-cadherin dynamics.](245fig6){#F6}

Application of inactive inhibitor to HUVEC, CK-689 or CK-312 ([Figure 5B](#F5){ref-type="fig"} and Supplemental Figure S5B), had no effect, whereas both 200 μM of the active CK-666 ([Figure 5B](#F5){ref-type="fig"}) and 60 μM of the active inhibitor CK-548 (Supplemental Figure S5B) caused intercellular gaps. Furthermore, actin filament patterning was altered. The interdependent dynamics between VE-cadherin and JAIL was studied by live-cell imaging of HUVEC expressing VE-cadherin-mCherry together with either EGFP-p20 or LifeAct-EGFP. Both CK-666 and CK-548 caused intercellular gap formation and decreased VE-cadherin-mCherry dynamics ([Figure 5C](#F5){ref-type="fig"}, Supplemental Figure S5C, and Supplemental Videos S11 and S12). Washing out of the active inhibitors quickly restored JAIL formation, a process that quickly closed intercellular gaps via newly formed VE-cadherin-mCherry--mediated cell adhesion sites ([Figure 5C](#F5){ref-type="fig"}, Supplemental Figure S5C, and Supplemental Videos S11 and S12). This process increased VE-cadherin dynamics and demonstrates a critical role of the ARP2/3 complex in VE-cadherin patterning and dynamics. We conclude that the interdependent activity between ARP2/3-controlled lamellipodia formation and VE-cadherin--mediated cell adhesion allows a quick-acting, high plasticity of adherens junctions, a mechanism that also maintains endothelial monolayer integrity.

DISCUSSION
==========

The endothelium, in particular cell junctions, exhibits high plasticity and quickly responds to certain stimuli, such as fluid shear stress, inflammatory mediators, wound healing, and angiogenesis. Plasticity requires distinct junction dynamics for remodeling, changes in paraendothelial barrier function, cell spreading, and cell migration. These processes depend on a balanced regulation between cell adhesion and remodeling and essentially rely on both the cadherin/catenin complex and the associated actin filaments ([@B56]; [@B6]; [@B60]). However, it has been unclear how the two components of this complex are spatially and temporally coordinated to regulate junction plasticity and adhesion and, at the same time, control barrier function.

On the basis of the data presented here, we propose an interdependent control cycle between VE-cadherin--mediated cell adhesion and ARP2/3-controlled and actin-driven JAIL formation, which drives VE-cadherin dynamics and allows plasticity ([Figure 6](#F6){ref-type="fig"}). The proposed mechanism permits concurrent junction dynamics and cell adhesion and can explain the ability of cell junctions to respond to stimulation at different spatiotemporal scales. Such conditions include increasing and decreasing cell density and shape change, which are both accompanied by large variations in cell perimeter. Examples of this are cell elongation due to fluid shear stress stimulation ([@B30]; [@B47]) or after application of TNF-α ([@B33]), during wound healing ([@B17]), and during angiogenesis ([@B13]).

The interdependence between VE-cadherin--mediated cell adhesion and ARP2/3-controlled and actin-driven JAIL is based on a relatively constant VE-cadherin expression for a given endothelial cell type, irrespective of cell size and density ([@B28]; this study). The natural principle behind this observation is elegant and yet simple. A given amount of VE-cadherin distributes along the junctions. Consequently, long cell junctions of large cells, as seen in subconfluent cultures, display large VE-cadherin--free spaces between the individual VE-cadherin clusters. Increasing cell density reduces cell size and cell junction length, and thus VE-cadherin clusters fuse together to form a continuous line at the junctions. Because JAIL preferentially forms between VE-cadherin clusters, the presence of a continuous VE-cadherin distribution at the junctions reduces them. This concept is supported by overexpression of VE-cadherin-EGFP in subconfluent cell cultures, which display an interrupted VE-cadherin patterning and large JAIL under control conditions. VE-cadherin overexpression in those subconfluent cultures decreased both lamellipodia formation and cell motility. In contrast, expression of a carboxy-terminal deletion mutant increased the formation of junction-associated lamellipodia and dynamics. From an energy standpoint, this simple mechanism is very economical, as it does not necessarily require new protein synthesis.

The JAIL-induced new VE-cadherin adhesion sites became quickly incorporated into cell junctions, a mechanism that significantly changed the VE-cadherin pattern, and thus is a type of VE-cadherin dynamics. ARP2/3 complex activity also affects VE-cadherin distribution and integrity. In particular, inhibition of the ARP2/3 complex in subconfluent cells resulted in a faint, continuous line of VE-cadherin and was accompanied by formation of large intercellular gaps. It is reasonable to assume that the limited amount of VE-cadherin present in both confluent and subconfluent HUVEC cultures is responsible. Furthermore, inhibition of the ARP2/3 complex also modulated the actin filament patterning, such that it decreased the number of stress fibers. Because stress fibers can terminate at individual VE-cadherin clusters ([@B34]) involving vinculin and develop mechanical strain ([@B16]), they may contribute to VE-cadherin patterning as well.

The interdependent control between ARP2/3 activity and VE-cadherin--mediated cell adhesion has two important functional consequences: first, the formation of JAIL that appears between VE-cadherin clusters restores, at least to a certain degree, VE-cadherin adhesion sites, thus retaining at least a minimal barrier even in subconfluent cells. These results are in line with reports showing ARP2/3-dependent maintenance of the blood--testis barrier ([@B32]) and sphingosine-1-phosphate--induced junction remodeling ([@B31]). Second, ARP2/3 activity maintains VE-cadherin dynamics and thus provides a source of junction plasticity under physiological and pathological conditions. It is reasonable to assume that a number of junction-controlling molecules, such as Rho GTPases, tyrosine kinases and phosphatases, cAMP, and protein kinase C, might cross-talk to the ARP2/3 complex directly or indirectly at cell junctions, but this has yet to be studied in detail. JAIL facilitated the generation of new VE-cadherin-mCherry adhesion sites at the overlapping plasma membrane of adjacent cells. This suggests that the cell surface contain VE-cadherin monomers and/or oligomers that might provide the source to rapidly form high-affinity adhesion sites, a phenomenon demonstrated for E-cadherin ([@B18]). It is likely that there is a balance between formation and dissociation of VE-cadherin trans-adhesion complexes in a VE-cadherin concentration--dependent manner, but quantitative data supporting this assumption remain to be obtained.

Modulation of cadherin expression is critical in tissue formation during development, as frequently demonstrated for epithelium ([@B11]). However, we showed a constant expression of total VE-cadherin in subconfluent and confluent endothelial cultures from the same source, in agreement with earlier reports ([@B28]). Irrespective of the possibility that VE-cadherin expression levels might vary within different vascular segments and organs, the principle of cell size--dependent distribution of VE-cadherin and in turn junction-associated lamellipodia formation at cell junctions still applies. This principle accounts for a number of novel aspects of junction regulatory mechanisms. For example, monolayer injury causes sheet migration associated with cellular shape change and thus elongation of the cell perimeter, as described in vivo and in cell culture models ([@B42]). Given that a particular stimulus does not change the total amount of cellular VE-cadherin in a particular environment or location (e.g., cell culture model, arteries, or veins), changes in shape and cellular perimeter cause both VE-cadherin remodeling (e.g., into an interrupted pattern, which modulates the dynamics) and changes in functional features of the cells, such as paracellular permeability and migration activity ([@B58]). Under these conditions, increased ARP2/3-mediated junction-associated lamellipodia can serve as a critical mechanism for controlling junction plasticity, a requirement for regulated regeneration. Thus this study expands the functional role of the ARP2/3 complex in VE-cadherin/catenin complex--mediated cell junction dynamics, plasticity, and monolayer integrity.

MATERIALS AND METHODS
=====================

Primers, antibodies, and reagents
---------------------------------

Primers, antibodies, and reagents used in this study are listed and described in the Supplemental Materials and Methods (Supplemental Tables S1 and S2).

Cell culture
------------

HUVEC and HEK 293T cells were cultured as described elsewhere ([@B26]), and cells of the first passages were used. VE-cadherin--deficient endothelioma cells were obtained from the group of D. Vestweber that had been established from VE-cadherin^−*/*−^ mouse embryos generated by the same laboratory. These cells were cultured as described elsewhere ([@B26]). For further details, see the Supplemental Materials and Methods.

Immunofluorescence staining and antigen retrieval
-------------------------------------------------

Immunolabeling was performed under standard conditions. For ARP3 and p21 staining, cultures were subjected to antigen retrieval procedure ([@B49]). For details, see the Supplemental Materials and Methods.

Cloning, recombinant lentiviruses, gene transduction, and live-cell imaging
---------------------------------------------------------------------------

The cDNA of mCherry or EGFP was fused to the C-terminus of full-length human VE-cadherin, C-terminally truncated (Δ164 amino acids) VE-cadherin, or LifeAct or the N-terminus of human N-WASP (V)CA domain or β-actin and subsequently cloned into the lentiviral vector (pFUGW). EGFP-p20 plasmid was kindly given by Theresia Stradal (WWU-Münster, Münster, Germany; [@B20]). The construct was subcloned into the pFUGW vector. Generation of recombinant lentiviruses was followed by transduction into HUVECs as described elsewhere ([@B26]). Cells were cultured until appropriate levels of protein expression were obtained. For all details, see the Supplemental Materials and Methods. Fluorescent live-cell imaging was performed by confocal spinning disk microscopy (Carl Zeiss, Göttingen, Germany) at 37°C and 5% CO~2~. For details, see the Supplemental Materials and Methods.

Immunoprecipitation and Western blot analyses
---------------------------------------------

Immunoprecipitation was performed as described elsewhere ([@B10]; [@B47]). Total immunoprecipitates or a defined amount of SDS-solubilized protein was loaded on the SDS gels and further subjected to Western blotting using the respective antibodies. Bands were quantified by near-infrared (NIR) secondary antibodies using a LICOR NIR scanner according to the manufacturer\'s instructions (LI-COR Biotechnology, Bad Homburg, Germany).

Quantification of total VE-cadherin in confluent and subconfluent cells
-----------------------------------------------------------------------

The total amount of SDS-solubilized protein of HUVEC cultures at a density of 10 × 10^4^ cells/cm^2^ for confluent or 6 × 10^4^ cells/cm^2^ for subconfluent cultures was determined by Amidoschwarz protein-determination assay ([@B8]). Equal amounts of proteins were subjected to SDS-gel electrophoresis and subsequently processed for quantitative Western blot analysis. The average intensity of normalized values was plotted as a function of the amount of total protein. Regression analysis was performed with Excel (Microsoft, Redmond, WA).

Image analysis
--------------

Automated image analysis of proteins at cell junctions was performed according to a newly developed algorithm and software termed Cell Border Tracker (J. Seebach, J. Lenk, A. Abu Taha, X. Jiang and H.-J. Schnittler, unpublished data). The relative amount of VE-cadherin was measured by the average brightness of junction-localized VE-cadherin, defined by the total fluorescence intensity of a region of interest (ROI) divided by the area of the ROI. In two particular cases, however, manual selection of junction-associated lamellipodia was necessary. This includes expression of both EGFP-p20 and either the VE-cad-ΔC164-mCherry or VE-cadherin-mCherry. For details, see the Supplemental Materials and Methods.

Cell tracking based on phase contrast--acquired time-lapse series
-----------------------------------------------------------------

For preprocessing, the gray levels of the phase contrast images were inverted and corrected for background intensity using ImageJ (National Institutes of Health, Bethesda, MD), public domain Java image processing and analysis software ([@B44]). In the resulting images, automated tracking of individual cells was performed using software developed at the Center for Biomedical Optics and Photonics, University of Münster (Münster, Germany), based on an algorithm as described elsewhere ([@B21]). The correctness of each migration trajectory was controlled by observing the detected cell positions in movies of the preprocessed phase images and comparing them to the initial phase contrast images.

Statistical analysis
--------------------

Unpaired *t* tests were performed using GraphPad software (La Jolla, CA) available as an online calculator, QuickCalcs ([www.graphpad.com/quickcalcs/ttest1](http://www.graphpad.com/quickcalcs/ttest1)). Data were considered statistically significant when *p* \< 0.05. Error bars indicate SD.
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ARP2/3 complex

:   actin-related protein 2/3 complex

Cdc42

:   cell division control protein 42 homologue

EGFP

:   enhanced green fluorescent protein

EGFP-p20

:   p20 tagged to EGFP

Ena/Vasp

:   enabled/vasodilator-stimulated phosphoprotein

GTPases

:   guanosine-5'-triphosphatease

HUVEC

:   human umbilical vein endothelial cells

JAIL

:   junction-associated intermittent lamellipodia

mDia1

:   mouse Diaphanous-related formin-1

NPFs

:   nucleation-promoting factors

N-WASP

:   neuronal-Wiskott--Aldrich syndrome protein

Rac1

:   Ras-related C3 botulinum toxin substrate 1

SCAR/WAVE

:   suppressor of cAR/WASP family verprolin-homologous protein

TNF-α

:   tumor necrosis factor-α

(V)CA

:   verpolin homology, cofilin homology, acidic region

VE-cadherin

:   vascular endothelial-cadherin

VE-cadherin-EGFP

:   VE-cadherin tagged to EGFP

VE-cadherin-mCherry

:   VE-cadherin tagged to mCherry

WH2

:   Wiskott--Aldrich syndrome homology region 2
